the synaptic localization of SCRIB.
 Table 1 
, legend). (D) GUKH was immunoprecipitated with GUKH antibodies from larval body wall muscle extracts, and the immunoblots were probed sequentially with anti-GUKH, anti-DLG, and anti-eGFP antibodies. The lanes represent extracts from wild-type (lane1), wild-type expressing eGFP-GUKH-C (lane 2), and dlg
XI-2 (lane 3). Note that in the wild-type expressing GUKH-C, both endogenous (110 kDa) and eGFP-tagged transgenic GUKH-C (90 kDa) are immunoprecipitated with the GUKH antibody. In dlg XI-2 mutants, levels of endogenous GUKH are normal, but DLG coimmunoprecipitation is not observed.
Results

quences or transmembrane domains, consistent with it being intracellular. A homology search revealed a region with similarity to the WH1/EVH1 domain of the DrosophIdentification of GUKH, a Novel DLG-Interacting Partner
ila homolog of Suppressor of cAR (SCAR; 32% identity; 54% similarity) [27] and its murine ortholog WAVE-1 [28, To understand the functional significance of the GUK domain of DLG, we searched for binding partners of this 29] . Moreover, a region of moderate homology to the Drosophila actin binding protein Kelch is found within domain using a yeast two-hybrid screen [25] . We used the GUK domain of DLG (amino acids 765-960; [26] ) as the C-terminal half of GUKH [30] . This region of GUKH also includes a predicted PEST sequence. The DLG bait to screen a late embryonic stage Drosophila cDNA library. Thirty-eight interacting clones were recovered binding region of GUKH maps to the C-terminal third of the protein, as deduced from the overlapping cDNAs from this screen, and from these, nine were overlapping cDNAs representing a single novel gene, which we obtained from the yeast two-hybrid screen. Notably, GUKH terminates in the potential PDZ binding motif named GUK-holder (GUKH) (Figure 1) .
To characterize the gukh transcription unit, we pertETAL ( [31]; Figure 1B ).
To determine the precise regions of interaction beformed a database analysis and identified several overlapping expressed sequence tag (EST) clones. Further tween the two proteins, deletion constructs of the DLG GUK domain and of the GUKH C terminus were genersequencing of these EST clones and alignment with the genomic region indicated that the gukh transcription ated and assayed for binding using the yeast two-hybrid assay ( Figure 1C ). Nearly the entire GUK domain is necunit covers three conceptual genes predicted by the BDGP database (CG5456, CG14288, and CG6003), essary for an interaction with GUKH, as deletion of more than 15 residues from either end resulted in a loss of thereby comprising at least six exons spread over a 38 Kb region ( Figures 1A and 1B) . The deduced protein binding. A construct encompassing the last 156 amino acids of GUKH (amino acids 888-1044) was sufficient sequence comprises 1044 residues, with a calculated molecular weight of 111.4 kDa ( Figure 1B ; long isoform, to mediate binding to the GUK domain of DLG, defining this region as the GUK-holding domain ( Figure 1B ). "L"). In addition, we found that some EST clones represent an alternatively spliced transcript missing the fifth exon, suggesting the existence of a C-terminally trun-
GUKH Interacts with DLG In Vivo
We generated an affinity-purified polyclonal antiserum cated isoform ( Figure 1B , short isoform, "S"; 534 amino acids, 57.6 kDa).
directed against the last 238 C-terminal amino acids of GUKH (GUKH-C). In Western blots from body wall musThe predicted GUKH protein exhibited no signal se- cle extracts, the antibody detected a single band of [32] . However, while DLG immunoreactivity is found throughout a large extent of the postsynaptic junctional ‫011ف‬ kDa, consistent with the predicted size of the L isoform of GUKH. Moreover, anti-GUKH immunoreactivregion (SSR), typically, GUKH immunoreactivity is distributed in interrupted patches along the synapse border ity was reduced at the NMJs or CNS of the hypomorphic gukh mutants gukh
J3E1
and gukh 2 , eliminated in gukh 2EM9 that usually extend a short way into the bouton interior. These observations together with the protein interaction embryos, and enhanced upon overexpression of a gukh transgene, confirming the specificity of the antibody. studies provide strong evidence for a direct interaction between GUKH and DLG at the NMJ. To establish that DLG and GUKH interact in vivo, we performed a coimmunoprecipitation of body wall muscle GUKH immunoreactivity is also found in the embryonic and larval CNS and asymmetrically distributed in extracts using GUKH antibody. In wild-type, DLG-specific bands at 97 and 116 kDa coprecipitated with the neuroblasts (see the Supplementary Material available with this article online for a short description of GUKH 110 kDa GUKH band, suggesting that GUKH exists in the same complex as DLG ( Figure 1D, lane 1) . In conexpression at these sites). trast, DLG was not coimmunoprecipitated from dlg XI-2 mutants that lack the GUK domain ( Figure 1D, lane 3) .
Differential Localization of GUKH and DLG during Bouton Budding Together, these results strongly suggest that GUKH binds to the GUK domain of DLG in vivo.
Comparison of GUKH and DLG distribution at synaptic boutons revealed that, although both proteins colocalize We next addressed the question of a possible interaction between DLG and GUKH at synaptic sites by examat bouton borders, they also show distinctly complementary patterns during bouton budding. Larval NMJs ining the colocalization of the proteins through development. GUKH makes its first appearance presynaptically expand during development to compensate for an increase in muscle size [33, 34] . This expansion involves at the NMJ during embryonic stage 17 where it overlaps with the neuronal marker, anti-HRP (Figures 2A-2C) , and an enhancement in bouton and active zone number, which serves to maintain synaptic strength despite the with DLG (Figures 2D-2F ; [32] tween GUKH and SCRIB might be direct, we used the as a nub of GUKH immunoreactivity protrudes from the yeast two-hybrid assay, which showed that GUKH spesurrounding DLG. Thus, GUKH and DLG appear to be cifically interacted with the PDZ2 domain of SCRIB but dynamically localized during bouton budding, overlapnot with either its PDZ3-4 or its LRR motifs (Table 1 ). ping at the edges but being complementary at the buds.
The interaction between GUKH and the PDZ2 domain of SCRIB was mediated by the C terminus of GUKH, as GUKH Interacts with Scribble, just the ten last amino acids of GUKH were sufficient Another PDZ Protein The interaction of DLG and GUKH is reminiscent of the for this interaction. Deletion of the last 23 amino acids interaction between the GUK domain of mammalian of GUKH (GUKH-⌬C) prevented the interaction with the PDZ2 domain of SCRIB. Moreover, when the ten amino acid peptide contained a mutation (L→A) at the C-terminal residue, it failed to interact with PDZ2 (Table  1 ). In addition, the last ten amino acids of Shaker K ϩ channel, which strongly binds to PDZ1-2 of DLG [10], failed to bind PDZ2 of SCRIB, demonstrating a degree of ligand specificity (Table 1) . In contrast, constructs encompassing PDZ1-2 or PDZ3 of DLG failed to bind GUKH (Table 1) . Together, the localization, immunoprecipitation, and yeast two-hybrid studies strongly suggest that DLG, GUKH, and SCRIB may form a tripartite complex in which GUKH serves as a physical link between DLG and SCRIB.
Isolation of gukh Mutants
The gukh gene was mapped to position 91E on the right in gukh J3 and gukh 2 the P elements were inserted ‫06ف‬ In contrast, dramatic changes in the synaptic distribution of SCRIB were observed in gukh mutants. In wildand the first exon of gukh. We suggest that both P insertions affect regulatory elements required for proper type larvae, SCRIB tightly colocalizes with DLG at type I boutons ( Figure 4B ). Interestingly, SCRIB immunoreacgukh expression. To test whether the P insertions were responsible for the reduction of GUKH immunoreactivtivity was much less intense, appearing dramatically mislocalized or not as tightly concentrated at the rim of ity, we generated additional alleles by P element excision. One new allele, gukh
J3E1
, resulted from an imprecise type I boutons in gukh J3E1 homozygotes, in gukh J3E1 /Df, and in gukh 2 ( Figure 5E ; Table 2 ). The decrease in synapexcision which caused a deletion of ‫5ف‬ kb. Both homozygous and hemizygous gukh J3E1 flies exhibited detic SCRIB localization in both the P element insertion allele (gukh
J3
) and in the more severe excision allele creased viability and, most notably, a further reduction in GUKH immunoreactivity as compared to gukh J3 (Figures (gukh
J3E1
) was specific, as targeted expression of a UASgukh-c transgene rescued the mislocalization of SCRIB 5A-5C; Table 2 ). In contrast, synaptic GUKH immunoreactivity was reverted to wild-type levels in another allele, (Figure 5F ), and synaptic SCRIB localization was restored in gukh rev and gukh 2revEM30 (Table 2) . gukh rev , in which the P element was excised precisely. In the case of gukh 2 , imprecise excision of the P element To determine if GUKH is required pre-or postsynaptically to maintain normal SCRIB localization at synaptic resulted in complete elimination of GUKH immunoreactivity in the embryo (data not shown), but this mutation boutons, we used Gal4 drivers BG487 to target musclespecific GUKH-C expression and C380 to drive transgenic was lethal prior to hatching. expression in the motorneurons [37] . ) . Surprisingly, we found that driving GUKH-C in motorneurons was upon examining preparations stained with the presynaptic marker anti-HRP. Similarly, immunocytochemical sufficient to rescue the abnormal SCRIB localization in gukh J3E1 mutants ( Figure 5F ; Table 2 ). However, driving analysis of the distribution of several synaptic proteins, including FasII (Figures 5G and 5H) , DLG, synapsin, cys-GUKH-C in the muscles alone was much less effective in rescuing SCRIB localization at type I boutons. The teine string protein (CSP), and synaptotagmin and are required for synaptic localization of another scaffolding protein, SCRIB. reduced rescue observed with postsynaptic expression Together, our yeast two-hybrid, coimmunoprecipitamight be due to the lack of the amino-terminal region tion, and colocalization studies provide compelling eviof the transgene.
GUK domain of DLG, in this study we identified GUKH, (G and H) Anti-FasII staining at (G) wild-type and (H)
dence that GUKH interacts with DLG in vivo. This interWe next determined whether mutations in dlg affect action is mediated by a region near the C terminus of the synaptic localization of SCRIB or GUKH. In dlg X1-2 GUKH. However, as revealed by genetic analysis, the mutants, SCRIB was mislocalized to an extent similar synaptic localization of GUKH does not depend on DLG. to that observed in gukh mutants ( Figures 6B and 6C , This suggests that domains other than the DLG intertop), and this effect was enhanced in dlg;gukh double acting motif may mediate its synaptic localization. For mutants (data not shown). Thus, both DLG and GUKH instance, the single WH1-like domain of GUKH might are required for normal SCRIB localization at NMJs. This interact directly or indirectly with the synaptic cytoskelerelationship is unidirectional, since both DLG and GUKH ton. WH1 domains in other proteins bind F-actin, actinimmunoreactivities remained unaltered at NMJs in scrib 2 associated proteins such as zyxin, vinculin, and profilin mutant larvae ( Figure 6D, middle and bottom) . A simple [38, 39] , or the spectrin-bound scaffolding protein explanation for the mislocalization of SCRIB in dlg X1-2 Shank/ProSAP [36, 40] . Association of GUKH with cymutants would be that DLG recruits GUKH to the NMJ. toskeletal elements might also be mediated by those However, we found that GUKH immunoreactivity was sequences that exhibit moderate similarity to the actin binding protein Kelch [30] . normal in dlg X1-2 mutants ( Figure 6C, middle) . The GUK domain of DLG and related MAGUKs is enzycate that GUKH activity is required only temporarily and/ or in a locally restricted fashion to prime a secondary matically inactive and may have evolved as a proteinprotein interaction domain. A number of vertebrate GUK mechanism by which SCRIB becomes associated with the SSR, e.g., through a more direct interaction with domain binding partners, including GKAP, MAP1A, the kinesin GAKIN, and the Rap-specific GTPase activating DLG. Interestingly, presynaptic expression of GUKH-C was largely sufficient to restore postsynaptic SCRIB loprotein SPAR, have been identified [11, 15, 16]. Although these proteins are structurally quite diverse, a common calization at gukh mutant NMJs. Together, these observations suggest a second, more indirect mechanism by theme appears to be their association with the cytoskeleton.
which GUKH contributes to the recruitment of SCRIB to the postsynaptic SSR and which may involve transWhile an association of GUKH with the actin-based synaptic cytoskeleton currently remains hypothetical, synaptic signaling. we could demonstrate that the C-terminal tETAL motif specifically binds to the second PDZ domain of SCRIB.
Conclusion Anatomical and biochemical experiments suggest that
Our studies provide evidence for one mechanism by in vivo, DLG, SCRIB, and GUKH may exist in the same which scaffolding proteins with different interaction docomplex at the NMJ. Alternatively, the three proteins mains may be linked to form a network of multiprotein could interact pairwise, forming separate heterodimers.
complexes. GUKH, in physically linking DLG and SCRIB, Since GUKH was found to still localize normally at dlg can therefore bring together these complexes and their mutant NMJs, we propose that DLG and GUKH act in associated proteins. Since a single protein forms this concert rather than in a hierarchical manner to recruit link, it would be a straightforward point at which to also SCRIB. As a possible mechanism, binding to the GUK separate the complexes, along with their actions, to domain of DLG could cause sterical changes in GUKH, regulate different aspects of synapse formation. Examsuch that the tETAL motif becomes available for interacples would be during synapse stabilization and during tion with SCRIB. A caveat to this study is that we used synapse growth through bouton budding. Thus, our hypomorphic gukh mutants, and therefore, a requirework provides a means by which macromolecular comment of GUKH in DLG localization cannot be ruled out.
plexes can mediate and finely tune various structural The presence of multiple protein-protein interaction changes at the highly dynamic structure of the synapse. domains in both DLG and SCRIB suggests that GUKH may link two different multiprotein complexes in a de- 
GUKH at budding regions may represent a role for this
The following antibodies were used [37] : rabbit or rat anti-DLG PDZ protein in destabilizing regions of the synaptic bouton, [37] (1:40,000 and 1:1,000); anti-FasII [37] (1:4000); anti-SCRIB [24] thereby allowing for bud formation. 7. Furuyashiki, T., Fujisawa, K., Fujita, A. , Madaule, P., Uchino, S.,
